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Introduction
Mixed convection flow and heat transfer in a vented cavity have been the topic of many research in engineering studies. These studies consist of various technological applications such as in electronic cooling, ventilation of building and design of solar collectors etc. Analysis of above phenomena incorporating a heat conducting solid cylinder extends its usability to many other practical situations such as any projections on a motherboard of a computer and a conductive material in an inert atmosphere inside a furnace with a constant flow of gas from outside constitute practical application for the present study. A brief review of the relevant literature is presented in the following section. House et al. (1990) studied the effect of a centered, square, heat conducting body on natural convection in a vertical enclosure. They found that heat transfer across the cavity enhanced or reduced by a body with a thermal conductivity ratio less or greater than unity. The same geometry was considered in the numerical study of Oh et al. (1997) , where the conducting body generated heat within the cavity. Under these situations, they showed that the flow was driven by a temperature difference across the cavity and a temperature difference caused by the heat-generating source. Later on, Roychowdhury et al. (2002) analyzed the natural convective flow and heat transfer features for a heated body placed in a square enclosure with different thermal boundary conditions. Dong and Li (2004) studied conjugate effect of natural convection and conduction in a complicated enclosure. They observed the influences of material character, geometrical shape and Rayleigh number on the heat transfer in the overall concerned region. They finally concluded that the flow and heat transfer increased with the increase of thermal conductivity in the solid region and besides, both geometric shape and Rayleigh number also affected the overall flow and heat transfer greatly. Moreover, Bilgen and Yamane (2004) examined numerically the effect of conjugate heat transfer by laminar natural convection and conduction in two-dimensional rectangular enclosures with openings. A chimney inside the enclosure was simulated as a vertical rectangular body with a uniform heat flux on one side and insulation on the other. They investigated the effects of the various geometrical parameters and the thickness of the insulation layer on the fluid flow and heat transfer characteristics. Bhoite et al. (2005) studied numerically the problem of mixed convection flow and heat transfer in a shallow enclosure with a series of block-like heat generating components for a range of Reynolds numbers and Grashof numbers and block-to-fluid thermal conductivity ratios. They showed that higher Reynolds numbers created a recirculation region of increasing strength at the core region and the effect of buoyancy became insignificant beyond a Reynolds number of typically 600 and hence the thermal conductivity ratio had a negligible effect on the velocity fields. At the same time, Braga and de Lemos (2005) studied laminar natural convection within a square cavity filled with a fixed volume of conducting solid material consisting of either circular or square obstacles. They used finite volume method with a collocated grid to solve governing equations. They showed that the average Nusselt number for cylindrical rods was slightly lower than those for square rods. The problem of laminar natural convection heat transfer in a square cavity with an adiabatic arc shaped baffle was numerically analyzed by Tasnim and Collins (2005) . They identified that flow and thermal fields were modified by the blockage effect of the baffle and the degree of flow modification due to blockage was enhanced by increasing the shape parameter of the baffle. Recently, conjugate natural convection heat transfer inside an inclined square cavity with an internal conducting block was carried out by Das and Reddy (2006) . At the same time, Xu et al. (2006) experimentally investigated the thermal flow around a square obstruction on a vertical wall in a differentially heated cavity. Zhao et al. (2006) numerically investigated conjugate natural convection in enclosures with external and internal heat sources.
The literature review shows that numerous studies have been published on a natural convection heat transfer in a closed cavity containing a heat conducting body. But we are not aware of any work that has been performed in a vented cavity with a solid circular cylinder. The objective of the present study is to investigate the effect of centered cylinder on fluid flow and heat transfer in a square cavity. The Richardson number (Ri) is varied from 0.0 to 5.0 to simulate forced convection, pure mixed convection and free convection dominated flow in the cavity. The size of the cylinder is also varied from 0.0 to 0.6 to understand the effect of cylinder diameter on the flow and heat transfer in the cavity. In the present study the solid cylinder is assumed to be heat conducting keeping in view their applications in many practical situations.
Problem Definition
A schematic diagram of the system considered in the present study is shown in Fig. 1 . The system consists of a square cavity with sides of length L, within which a heat conducting solid circular cylinder with diameter d and thermal conductivity k s is located at the center of the cavity. A Cartesian co-ordinate system is used with origin at the lower left hand corner of the computational domain. The top, bottom and left vertical walls of the cavity are kept adiabatic and the right vertical wall is kept at the uniform constant temperature T h . The inflow opening located on the bottom of the left vertical wall and the outflow opening on the top of the opposite heated wall is arranged as shown in the schematic figure. For simplicity, the size of the two openings is set equal to the onetenth of the cavity length (w = 0.1 L). Cold air flows through the inlet at a uniform velocity u i . It is assumed that the incoming flow is at the ambient temperature, T i and the outgoing flow is assumed to have zero diffusion flux for all variables i.e. convective boundary conditions (CBC). All solid boundaries are assumed to be rigid no-slip walls.
Governing Equations with Boundary Conditions
The following assumptions are made: the flow of fluid is steady, two-dimensional, laminar incompressible and Newtonian, there is no viscous dissipation, the gravity acts in the vertical downward direction, fluid properties are constant and fluid density variations are neglected except in the buoyancy term (Boussinesq approximation) and radiation heat exchange is negligible.
Using non-dimensional variables defined below, the non-dimensional governing equations are obtained as
For solid cylinder, the energy equation is 
The non-dimensional variables used in the above equations are defined as 
At the solid-fluid horizontal interfaces of the cylinder:
and the bulk average temperature in the cavity is defined as 1
where L h is the length of the heated wall and V is the cavity volume.
Numerical Technique
The numerical procedure used in this work is based on the Galerkin weighted residual method of finite element formulation. The application of this technique is well described by Taylor and Hood (1973) and Dechaumphai (1999) . In this method, the solution domain is discretized into finite element meshes, which are composed of triangular elements. Then the nonlinear governing partial differential equations i.e., mass, momentum and energy equations are transferred into a system of integral equations by applying Galerkin weighted residual method. The integration involved in each term of these equations is performed by using Gauss quadrature method. Then the nonlinear algebraic equations so obtained are modified by imposition of boundary conditions. These modified nonlinear equations are transferred into linear algebraic equations by using Newton's method. Finally, these linear equations are solved by using Triangular Factorization method. 
Grid Refinement Check
Five different grid sizes of 3818, 4516, 5838, 5918 and 7512 elements with 24740, 28998, 37402, 37886 and 47986 nodes respectively are chosen for the present simulation to test the independency of the results with the grid variations. Average Nusselt number at the heated surface, average temperature of the fluid in the cavity and the solution time are monitored at Ri = 1.0, D = 0.2 and K =5.0 for these grid elements. The magnitude of average Nusselt number at the heated surface and average temperature of the fluid in the cavity for the above grids shows a very little difference. However for the rest of the calculation in this study we choose a grid size of 37886 nodes 5918 elements for better accuracy.
Code Validation
The work has been validated against the work of House et al. (1990) for natural convection in a closed enclosure. We calculated the average Nusselt number at the heated wall for the square enclosure with a square heat conducting body at Ra = 0.0, 10 5 and compared with the data from their results as presented in Table 2 . The present average Nusselt numbers are in good agreement with these of House et al. (1990) . We presented the results in two sections. The first section will focus on flow and temperature fields, which contains streamlines and isotherms for the mentioned cases and the following section will discuss heat transfer including average Nusselt number at the heated surface, average temperature of the fluid and the temperature at the cylinder center in the cavity.
Results and Discussion
Flow and Temperature Fields
Flow and temperature fields are simulated using streamlines and isotherms for various values of cylinder diameter D and Richardson number Ri. Effects of cylinder diameter on streamlines (on the left) are presented in Fig. 2 for Ri = 0.0. It is seen from the figure that for D = 0.0, there develops two vortices of opposite directions. The vortex with anticlockwise direction is developed just at the top of the inlet port along the left wall, which is expected since the fresh stream enters the cavity at the bottom of the left wall and exit at the top of the right wall. Also a clockwise small vortex appears at the right bottom corner of the cavity. It is also seen that the size of vortex near the left wall decreases and the small vortex at the right bottom corner diminishes as cylinder diameter increases. This is because, the increasing cylinder size reduces the available space for the share forced induced by the through stream at the inlet. The corresponding isotherms (on the right) of Fig. 2 are stratified near the heated surface indicating diffusion heat transfer in the cavity. As cylinder diameter (D) increases the isotherms are increasingly distorted from the shapes corresponding to diffusion heat transfer in the cavity. At Ri = 1, it is seen from 
Heat Transfer
Conclusion
The present study investigates numerically the characteristics of a two dimensional mixed-convection problem in a vented square cavity with a heat conducting horizontal solid circular cylinder. The weighted residuals finite element method is implemented to simulate the flow and heat transfer in the cavity. A detailed analysis for the distribution of streamlines, isotherms, average Nusselt number at the heated surface average temperature of the fluid and the dimensionless temperature at the cylinder center are carried out to investigate the effect of the diameter of the inner cylinder on the fluid flow and heat transfer in the cavity for different Richardson numbers in the range of 0.0 ≤ Ri ≤ 5.0. Markedly dissimilar flow and thermal behaviors are observed for the various diameter of the cylinder among the three different flow regimes. The average Nusselt number at the heated surface is the highest for the largest cylinder diameter D = 0.6 in the forced convection dominated region and for the second largest diameter D = 0.4 in the free convection dominated region at a fixed Ri. On the other hand a gradual increase in the heat transfer rate is found with increasing Ri at constant values of cylinder diameter. It is also noted that the average temperature (θ av ) of the fluid in the cavity and the dimensionless temperature (θ c ) at the cylinder center in the cavity are not monotonic with the increasing values of the parameters.
